Introduction
Flowers are important reproductive organs that consist of sepals, petals, stamens, and carpels. In horticulture, plants with larger flowers or pure flower color are appreciated by both breeders and the public. Flower characteristics are of great importance for commercial value and for making full use of genetic diversity. Understanding the mechanisms involved in flower opening and development is a predominant goal for breeders and scientists.
It is well known that flower opening is often rapid and is a pivotal event in the life of a plant. When a flower opens, the behavior is diverse among species. In many plant species, flower opening depends on petal movement and is associated with both petal cell division and cell expansion. Petal cell expansion often correlates with the mobilization of storage carbohydrates or the accumulation of sucrose in the cells. In many angiosperms, soluble carbohydrate concentrations increase during flower opening, as shown in Dianthus caryophyllus (Ichimura et al., 1998) , Rosa hybrida , and Tweedia caerulea (Norikoshi et al., 2013) . Moreover, sugar accumulation in petal cells reduces the petal water potential and promotes water influx into the petal cells, resulting in a relaxation of the cell wall strength, cell enlargement, and flower opening (Ho and Nichols, 1977; Evans and Reid, 1988; Ichimura et al., 2003) . Dynamic changes in carbohydrate metabolism are closely associated with flower opening and senescence.
Petal cell expansion is regulated by the accumulation of osmotic pressure, water influx, and the strength of the cell walls (Boyer et al., 1985; Cosgrove, 2001 ). The plant cell wall establishes the morphology of the whole plant and plays a central role in protection, thereby shaping the individual cells. Plant cell expansion is closely correlated with cell wall extendibility, resulting in cell enlargement (Szymanski and Cosgrove, 2009) . Numerous proteins and enzymes are required for cell wall extension. Genes encoding expansins (Harada et al., 2011) , xyloglucan endotransglucosylase/hydrolases (XTHs) (Lee et al., 2018) , and pectinesterase (Suzuki et al., 2013) are also known to have the ability to loosen cell walls and rearrange the load-bearing cellulose/xyloglucan network during flower opening. Genes involved in cell wall remobilization play a central role in cell division and cell expansion.
Lilium tsingtauense (Liliaceae) is an endangered wild monocot perennial bulb plant in China that has rarely curved leaves and orange flowers. The species is primarily distributed only on Mount Lao, in Shandong Province, northeastern China. Like many other wild plants, the wild germplasm of Liliaceae often faces a wide range of inverse external cues, causing considerable degradation of flower quality and severely affecting plant growth and development. Information on the morphology of tepal growth during flower opening of L. tsingtauense is limited. To further consolidate our understanding of L. tsingtauense flower development and opening, five flowering stages were sampled and the morphology of tepal epidermal cells was observed using light emission microscopy and scanning electron microscopy (SEM) at each flowering stage. Three representative flowering stages, including closed bud with greenish tepal stage (CBS), flowers fully open with unhorizontal tepal stage (UFS), and completely opened bud with reflexed tepal stage (RFS) with enhanced elongation capability, were also used to monitor the metabolism, ultrastructure, and mechanism of tepal growth. Moreover, we report that the middle part of the cells has the enhanced elongated capability. Cell elongation and cell expansion were found in the late flowering stages. We also demonstrated dynamic changes in carbohydrate metabolism during flower opening, with several cell wall-modifying proteins, such as expansins, XTHs, and pectinesterase, being upregulated in the later flowering stages, thereby increasing cell wall extendibility and tepal expansion. 
Materials and methods

Plant materials
Fresh and dry weight measurements
At each stage, six tepals from flowers were used for fresh weight (FW) analysis. Tepals were collected from six flowers from different plants and dried in an oven at 110 °C for more than 3 days and then their dry weight (DW) was measured. 2.3. Light microscopy and scanning electron microscopy observations For light microscopic observation, tepals at different flowering stages (CBS, MBS, UFS, HFS, and RFS) were divided into three parts: the proximal part, the middle part, and the distal part (Figure 1) . Using a microtome, 4-µm sections were sliced and then placed on glass slides for observation. Photomicrographs were taken using an Olympus BX 51 photomicroscope equipped with an Olympus DP71 camera. For each photograph, at least ten cells were measured, and the averages of three photographs were taken from ten tepals of five independent plants. Cell length, cell width, and cell density were measured using ImageJ software (http://imagej.nih.gov/ij/).
For SEM, the middle part of the tepal tissues of each stage was cut into small pieces (~5 mm 2 ) with a blade and then fixed in 4% glutaraldehyde, followed by 1% osmium tetroxide for 1 h. The samples were dehydrated using graded acetone solutions (50%, 70%, 90%, and 100%, 15 min each). After 0.5 h of displacement soaking with terpbutanol, the samples were placed in a freeze-dryer for 4 h and then sputter-coated with gold for 1 min and used for SEM (JEOL 7500 F, JEOL Ltd. Tokyo, Japan) analysis at 15 kV. The cell length and cell width were measured using ImageJ. The average cell number per surface unit of ten tepals under different flowering stages was multiplied by the total area. Data regarding total cell number were explained by statistical analysis.
Transmission electron microscopy
The upper part of the tepal tissue from three different flowering stages (CBS, UFS, and RFS) was cut into small pieces (2 mm 2 ) and fixed in 0.1 M potassium phosphate buffer (pH 7.2) containing 1% (w/v) osmium tetroxide at 4 °C overnight. After washing in a rinse buffer (100 mM phosphate buffer, pH 7.2), the tissues were postfixed in 1% (w/v) osmium tetroxide in 100 mM phosphate buffer at 4 °C for 4 h. The samples were then dehydrated using a graded series of ethanol, embedded in epoxy resin, and placed in an oven for curing. Ultrathin sections were stained with 2% uranyl acetate and observed using a transmission electron microscope (H-7000; Hitachi Ltd., Tokyo, Japan) at 80 kV.
Tepal levels of sucrose, glucose, and fructose
The concentrations of sucrose, glucose, and fructose in tepals at three different developmental stages (CBS, UFS, and RFS) were determined using high-performance liquid chromatography (HPLC). In short, 1.00 g of cut lily tepals was weighed and ground in 80% ethanol, followed by centrifugation at 10,000 rpm for 10 min; the residue was added to 2 mL of 80% ethanol for further extraction. The supernatants were combined, evaporated to dryness using a rotary evaporator, and then made up to a volume of 10 mL. Extraction was performed with a disposable syringe, filtered through a 0.45-µm filter, and analyzed on a machine. The sugar content of tepals at the three different flowering stages was determined in three independent experiments using nine tepals from three individual plants.
RNA isolation and quantitative real-time PCR analysis
Total RNA from three different flower opening stages (CBS, UFS, and RFS) was isolated using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions with slight modification. To remove the supernatant, precipitation with isovolumetric iso-propanol and high-salt solution (1.2 M sodium chloride and 0.8 M sodium citrate) was used. The RNA concentration and quality was determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA). First-strand cDNA was synthesized using a PrimeScript II 1st Strand cDNA Synthesis Kit (Takara, Dalian, China). c143994 (LtGAPDH) was used as an internal reference gene. Primers for quantitative real-time PCR were designed using the Primer-BLAST tool (Ye et al., 2012 (Livak and Schmittgen, 2001) . Each qRT-PCR assay was performed using three independent tepals from at least three independent plants. Further information about genes and primer sequences can be found in Table 2 .
Statistical analysis
Analyses of variance (ANOVAs) followed by Tukey's honestly significant difference (HSD) multiplecomparison tests were used to assess the statistical significance of differences. P < 0.05 was indicative of statistical significance. All analyses were carried out using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
Results
Changes in tepal phenotype during flower opening
Five stages of tepal opening and development were recorded for L. tsingtauense ( Figure 1a ; Table 1 ). To identify the tepal cell length and width during flower opening, three tepal parts, the proximal, middle, and distal parts, from the CBS stage to the RFS stage were observed (Figures 1b and 1c) . Tepal length and width were also observed during flower opening. The results showed that tepal length increased from the CBS stage to the HFS stage and remained almost constant thereafter. In addition, tepal width also increased as the flower opened ( Figure 1c ). The fresh weight of CBS stage tepals was 1.54 mg, and it increased up to 3.37 mg for HFS stage tepals. The dry weight of HFS stage tepals was 0.43 mg, which is significantly higher than other flowering stages ( Figure 1d ). Lilium tsingtauense flower opening correlated with increased tepal length and width, together with enhanced biomass production.
Enhanced elongation capability results from the epidermal cells at the center of the tepal
To further examine the morphological changes of the cells during flower opening, we used light microscopy to observe cross-sections of three parts of L. tsingtauense tepals in different flowering stages ( Figure 2a ). As shown in Figure 2 , the tepal cell length in the middle part of the tepal was higher than that of the proximal part and distal parts from the CBS stage to the HFS stage. The greatest tepal cell length was found in the distal part during the flowering RFS stage. Moreover, compared with the distal part, the width of tepal cells in the proximal and middle parts increased from the CBS stage to the RFS stage ( Figure 2b ). In terms of the number of cells per surface area, the cell numbers decreased in the proximal, middle, and distal parts during flower opening. Compared with the proximal and distal parts, cell numbers were significantly lower in the middle part from the CBS stage to the HFS stage ( Figure 2c ). We therefore concluded that cells in the middle part had enhanced elongation capability for cell enlargement and tepal movement.
Morphology of epidermal cells during flower opening
To further investigate the causes of cell morphological changes during flower opening, we examined the cell size in the central region of the flowers, as well as the cell length, cell width, and cell density, in different flowering stages via scanning electronic micrographs (Figure 3) . The adaxial epidermal cell length and cell width in the central regions elongated during flower development and opening. The cell length increased and reached a peak at the RFS stage (Figure 3b) . Similarly, the cell width at RFS was significantly higher than at the flowering stages from CBS to UFS (Figure 3b ). In the flower opening stage of MBS, the tepal epidermal cells had a length to width ratio of less than 4.72 (Figure 3c ). By the time of flower opening in the HFS stage, the cells were primarily isodiametric and had a length to width ratio of 5.39 (Figure 3c ). The greatest differences in the cell elongation rate of the epidermis were apparent between the UFS and RFS stages, with corresponding changes in cell width occurring at those stages, but most markedly in MBS and RFS (Figure 3d ). Cell density decreased from the CBS to the RFS stage. Cell numbers in the flowering CBS stage averaged 415, which was significantly higher than in the flowering stages of MBS to HFS (Pearson's R 2 = 0.889) (Figure 3e ). These results suggest that flower opening might be associated with dynamic cell changes and cell expansion.
Changes in cell types during flower opening
To further investigate the dynamic changes within the cells of L. tsingtauense during flower opening, we examined the different epidermal cell types at different flowering stages (Figure 4 ). Three cell types were found during flower development and opening, including rhomboid, rectangular, and elongate cells (Figures 4a-4c) . During the different flower opening stages, the percentage of elongate cells did not significantly differ from the CBS stage to the RFS stage, but the percentage of rhomboid cells did significantly decrease from the MBS stage to the RFS stage. However, the percentage of rectangular cells from the MBS stage to the HFS stage was significantly higher than in the CBS stage. Later, in the RFS stage, the tepal epidermal cells became larger and more irregularly shaped, with 62% of the cells being the rectangular type (Figure 4d ). Overall, these results indicate that cell expansion relies on the horizontal growth of cells during flower opening.
Changes in soluble carbohydrate concentrations
To further investigate the accumulation of osmotic pressure in L. tsingtauense flower opening, three representative flowering stages, CBS, UFS, and RFS, with obvious tepal morphology changes, were selected. The soluble carbohydrates concentrations, including sucrose, fructose, and glucose content, were measured in the flowering stages of CBS, UFS, and RFS ( Figure 5 ). The concentration of fructose in the CBS stage was 72.26 mg/mL, which was significantly lower than those in the UFS and RFS stages (Figure 5b ). We also observed that the glucose concentration in the RFS stage was 532.74 mg/mL, which was significantly higher than those in the UFS and CBS stages (Figure 5c ). However, the sucrose concentration did not vary from the CBS stage to the RFS Table 2 . Primer sequences used in this study.
Primer name
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stage (Figure 5a ). These results suggest that glucose and fructose are the main soluble carbohydrates used during flower development and opening.
Cell wall thickness during tepal opening
To study the differences between the cellular organ changes of tepal expansion, transmission electron microscopy was used to investigate three different flowering stages (CBS, UFS, and RFS). Starch granules were occasionally observed surrounding the cell wall and appeared distinct in each of the different flowering stages. Specifically, more starch granules were found in the CBS stage than the UFS and RFS stages (Figure 6a ). In addition, we also measured the cell wall thickness at three different flowering stages.
The thickness of the cell walls in UFS was higher than that of the CBS and RFS stages, indicating that tepal cells in the UFS stage synthesize more components of the cell wall, stretching out the cells to their final thickness (Figure 6b ). These results illustrate that tepal cell expansion correlates closely with cell wall loosening, especially for cell wall thickness.
Upregulation of cell wall-related genes in the later tepal opening stages
Quantitative RT-PCR analysis was conducted on six genes related to cell expansion, including one expansinlike B1 gene c135186 (LtEXPAB), one xyloglucan endotransglucosylase/hydrolase gene c108037 (LtXTH), one chalcone synthase gene c127894 (LtCHS), one DELLA gene c62020 (LtGAI), one pectinesterase gene c136116 (LtPE), and one cell wall invertase gene c145790 (LtCWI) (Figure 7) . The results showed that the expression levels of LtCWI were higher in the UFS and RFS stages, which was consistent with the rise in sucrose in the flowering RFS stage, during which period the content of glucose and fructose increased. Three cell wall-related genes, LtEXPAB, LtXTH, and LtPE, were upregulated more than fivefold in the UFS and NFS stages compared with the CBS stage. Furthermore, we found that the relative expression abundance of LtCHS increased at least 18-fold in the UFS stage and sixfold in RFS. Interestingly, the expression levels of the DELLA gene, LtGAI, in the UFS and RFS stages were approximately 12 times less than that in the CBS stage. Thus, these genes might play a crucial role in the development of L. tsingtauense tepals and flower opening. 
Discussion
Plant organ growth is the irreversible increase in mass that results from cell division and cell expansion, with cell division sites in the plant being programmed in a coordinated pattern. The plane of cell division is an important determinant of plant form. Flower opening, in many species, is accompanied by petal, tepal, or sepal growth. Petal growth during flower opening relies on a high rate of cell division and cell expansion and determines the visible petal size and shape. Different parts of the petal with different elongation rates give rise to various shapes and forms of the flower, resulting in a diverse array of inflorescence types. In our study, three parts of L. tsingtauense tepal cells showed an increasing trend in elongation, together with lower cell density (Figure 3) . However, the middle part of the epidermal cells displayed higher expansion capability compared with the other two parts. In addition, the tepal epidermal cells demonstrated continued cell growth in length and width, and expansion occurred throughout five stages of L. tsingtauense tepal development (Figure 2 ). The cell width along the middle parts of the tepal did not significantly increase in the later developmental stages (HFS and RFS). Overall, the cell width increased 1.59-fold from the CBS stage to the RFS stage. However, the length of the tepal epidermal cells increased much more rapidly, presenting a significant increase between most stages, increasing 1.96-fold from the CBS stage to the RFS stage. Meanwhile, the rhomboid cell type was found more in CBS compared with other flowering stages (Figure 4 ), suggesting that cell division occurs in the former stages of flower opening. This observation is consistent with the findings of rose petal . Our results suggested that L. tsingtauense tepal epidermal cells require both longitudinal and radial cell expansion throughout the flowering stages, and the longitudinal cell expansion is the main event for L. tsingtauense tepal expansion. Increased anisotropy of cell length and cell width led to morphological changes in L. tsingtauense tepals. The plant cell wall is a strong network composed of fibers arranged to give each cell a solid shape. Cell wall modification and organization, cuticle development, and cytoskeleton organization are the main events for cell elongation and expansion. Cell wall extensibility may be a growth-limiting factor for petal expansion. Cell wall loosening and cell expansion proteins, including XTH and expansins, are reported to be involved mainly in petal growth and development in carnation (Dianthus caryophyllus), rose (Rosa hybrida) , and other flowering plants. The present findings suggest that the expression of different XTH and expansin genes is upregulated in the later development of L. tsingtauense tepals (Figure 7 ), implying that cell expansion mostly depends on cell wall loosening through a process of controlled polymer creep. It is possible that XTHs and expansins function cooperatively or independently in these processes of petal growth and development. The interactions, if any, of the XTH and expansin genes and their roles in petal growth and morphogenesis require further elucidation. Tepal growth begins with cell wall loosening, which induces the relaxation of the cell wall, which in turn generates the reduced water potential that is needed for water uptake and volumetric expansion of the cell. Pectins constitute major groups of polysaccharides in plant cell walls (Seymour and Gross, 1996) . Pectin methyl esterase can catalyze the deesterification of the galactosyluronate methyl ester of pectin to its free carboxylic groups (Sajjaanantakul and Pitifer, 1991) . The transcript expression level of LtPE (c136116) was higher in the UFS and RFS stages (Figure 7) , suggesting an increase in hydrolytic activity and a reduction in cell wall contents that are clearly associated with the tepal development and flower opening of L. tsingtauense. Our results demonstrated that expansin, XTH, and pectin are closely correlated with L. tsingtauense tepal cell expansion and flower opening, and the roles of these genes in cell expansion need to be further investigated.
Flower opening is an important trait for ornamental plants and is a very complex biological process at the physiological and biochemical levels. Carbohydrate metabolism plays a pivotal role in flower opening and cell expansion or elongation. Sucrose is one of the main secondary metabolic products in plants and functions as a storage reserve, compatible solute, and signaling metabolite (Koch, 2004) . Earlier stages of L. tsingtauense tepals accumulated more sucrose, and the content remained constant in later flower opening stages (Figure 5 ), indicating that the growth and development of L. tsingtauense tepals are closely related to sucrose metabolism. In addition, the concentrations of sucrose did not show significant changes from the CBS to RFS stages, suggesting that sucrose can be hydrolyzed by cell wall invertases and imported into the cells as hexose sugars. Furthermore, the cell wall inverse gene LtCWI (c145790) can encode an enzyme that catalyzes the hydrolysis of sucrose into glucose and fructose (Ruhlmann et al., 2010) . The transcript level of LtCWI was upregulated in the UFS and RFS stages and correlated with higher concentrations of fructose and glucose ( Figures 5 and 7) . Early stages of flower opening often have high starch concentrations, for example in Alstroemeria peregrina (Collier, 1997) , Lilium (Bieleski et al., 2000) , Magnolia grandiflora (Griesel, 1954) , and Rosa (Ho and Nichols, 1977) . Starch changes dynamically and can be converted to glucose and fructose rapidly as flowers open and senesce (Ho and Nichols, 1997) . In this study, our results showed that during the later flowering stages, the tepals accumulated greater concentrations of fructose and glucose (Figure 5 ), demonstrating that glucose and fructose can provide an energy source for L. tsingtauense flower opening. Flower opening in the later stages often correlates with petal or tepal senescence; therefore, tepal senescence may be due to starch starvation. There is no starch accumulation in the later flowering stage (RFS), and more sucrose accumulates in the UFS and RFS stages (Figures 5 and 6 ), implying that tepal senescence may be due to starch degradation. These results illustrated that sucrose accumulation is a mechanism to reduce tepal water potential, promoting water influx for cell enlargement, flower opening, and senescence.
The hormone gibberellin (GA) is crucial for diverse processes of plant growth and development. Comprehensive studies in different flowering plants have shown that GA plays an important role in flower development and growth. The DELLA proteins, which contain GAI, were considered to be a negative regulator of GA signaling and response in plants, such as in rose petal and strawberry runner production (Peng et al., 1997; Luo et al., 2013; Ito et al., 2018; Li et al., 2018) . In our study, the expression of LtGAI (c62020) was very low in the later flowering stages (UFS and RFS) (Figure 7) , implying that GA is required for L. tsingtauense flower development and opening. However, further research is needed to determine the existence of a GA-dependent pathway for L. tsingtauense flower development and opening.
In conclusion, our results demonstrated that L. tsingtauense flower opening correlates with the expansion of the cells of the middle part of the tepal. Glucose and fructose concentrations accumulate as the flower opens. Cell wall loosening, carbohydrate metabolism, and GArelated proteins are involved in L. tsingtauense tepal development and flower opening. We propose a model for L. tsingtauense tepal growth and development: the metabolism of different carbohydrates results in changes in osmolytes, increasing turgor pressure and cell enlargement. Changes in tepal morphology in the UFS and RFS stages mainly occur because of the isotropic and anisotropic cell elongation rate, and cell wall loosening proteins, including XTHs and expansins, are involved in this process. These genes may play pivotal roles in cell expansion and cell enlargement. Further studies are necessary to illustrate how functional proteins or regulatory proteins influence the arrangement of cellulose microfibrils and cell wall patterning during tepal growth and development.
